By comparing the Sr isotopic composition of migratory fossil salmon, which lived in the ocean but died in continental regions, to the well established marine Sr isotopic record, the age of the continental deposit could be determined with high accuracy. This approach to marine-continental correlation and dating requires (1) that marine-resident salmon bear a marine S7Sr/86Sr value in their bones or teeth, and (2) that the original S7Sr/86Sr value of fossils is not overprinted by diagenesis. The vertebrae of modern, hatchery-reared salmon exhibit Sr isotopic variations indicative of freshwater to marine migration during bone growth. Modern marine S7Sr/S6Sr values were preserved in growth layers formed later in life.
Introduction
Vertebrate bones and teeth are composed of hydroxyapatite that contains trace amounts of Sr substituted for Ca-(Ca,Sr)5(PO4,CO3)3(OH,F,C1) [1] . Unlike organic remains, which usually decay soon after death, mineralized parts can persist for millions of years. The concentration and isotopic composition of Sr in bones and teeth have served as diagnostic tools in archaeological [2] [3] [4] [5] [6] , pale-ontological [7, 8] , and paleoceanographic [9] [10] [11] investigations. The pronounced secular variations in the 87Sr/86Sr value of ocean water throughout the Phanerozoic have rendered Sr isotope analysis particularly useful for marine stratigraphic correlation [12, 13] . Migratory fish, such as salmon, could potentially be used for continental-marine correlation. Many salmon migrate from freshwater to the ocean several years after hatching, spend much of their lives growing in the ocean, then return to freshwater to spawn and die. If a marine Sr isotope composition is preserved in fossil salmon deposited after spawning in freshwater, then this continental site could be dated by reference to the well known marine Sr isotope record.
Two questions fundamental to this approach to marine-continental correlation are addressed. First, are both the freshwater and marine phases of life preserved in the bone of living salmon? Because freshwater and marine S7Sr/86Sr values are typically very different, it must be verified that a portion of salmon bone retains a fully marine Sr isotopic signature. To explore this issue, accreted tissues of modern, hatchery-reared salmon with known migrational histories were analyzed for isotopic evidence of freshwater to marine migration. Second, can a marine chemical signal be retrieved from fossil salmon, or does diagenesis overwhelm the original ~7Sr/86Sr value of fish apatite? Preservation was investigated in salmon of late Miocene age, through application of a selective leaching technique that has been used previously [6, 14] to separate biogenic and diagenetic Sr. If SYSr/86Sr values characteristic of late Miocene oceans cannot be retrieved from individuals buried in continental and nearshore marine clastic sediments, our approach to marine-continental correlation is unworkable.
Diagenetic alteration of biogenic hydroxyapatite
Studies of diagenetic effects on Sr in biogenic hydroxyapatite have yielded equivocal results. Experiments indicated a high potential for invasion of biogenic apatite by Sr [15, 16] , whereas evidence from fossils suggested retention of in cit,o concentrations [17, 18] . In a comparative study of modern and Holocene mammals, Nelson et al. [19] were unable to retrieve original Sr concentrations or isotopic values from fossils. In contrast, Sealy et al. [6] used stepwise selective leaching to remove diagenetic Sr and recovered Sr concentrations and isotopic values that they considered to be primary.
Diagenetic Sr enters biogenic hydroxyapatite by several mechanisms. Calcite and other Srbearing minerals may precipitate in pore spaces within bones and teeth [14] . Diagenetic Sr may be adsorbed to crystal surfaces in hydration layers [15] . Biogenic hydroxyapatite is a poorly crystalline mineral composed of very small crystallites (~ 20 × 4 nm [1, 14] ) that offer a great surface area for adsorption. During diagenesis, these small crystals consolidate and grow, due to local dissolution and reprecipitation (i.e., Ostwald ripening [16, 20] ). The resulting mineral is more perfectly crystalline and less soluble than the original biogenic hydroxyapatite, but it contains Sr incorporated from the depositional environment [21, 22] .
Because the diagenetic minerals and biogenic hydroxyapatite have different solubilities in acidic solutions, they may be chemically separable by stepwise selective leaching [14, 23] . More soluble calcium carbonate would be removed preferentially, followed by less soluble biogenic hydroxyapatite. Recrystallized hydroxyapatite should be relatively insoluble. In tests on altered bones using a dilute acetic acid/sodium acetate buffer, late rinses had apatitic Ca/P and plausible Sr/Ca values, and thus may have dissolved unaltered biogenic hydroxyapatite [23] . In coupled analyses of the Sr concentration and isotopic composition of Quaternary specimens, Sealy et al. [6] discovered that diagenetic Sr was indeed removed preferentially in early rinses. However, for all but one of their test specimens, they could not unequivocally demonstrate that only biogenic Sr was contained in late rinses, because the original SVSr/ S6Sr values of the specimens were unknown. Using bone from a marine-resident whale recovered from a continental deposit, they were able to demonstrate that only biogenic, marine Sr was released in late rinses. Our test using salmon is similar, because the primary, marine and secondary, diagenetic Sr isotopic endmembers for these late Miocene fossils can be well constrained. In contrast to Sealy et al. [6] , however, we examined ancient specimens with a preservation state similar to that in specimens used for paleontological and geological studies.
Salmon samples
Information about modern salmon and water samples is supplied in Table 1 . Samples were cleaned of soft tissue manually and by dermestid beetles. We sequentially microsampled material from the center to the periphery of vertebral centra with a dental drill (Fig. 1) . Vertebral centra grow by centrifugal accretion, with no conspicuous remodeling, thus samples from the center of vertebrae represent bone formed during the early, freshwater phase of the life cycle. Bulk samples, representing the later, marine phase of life, were obtained from the middle to the edge of vertebral centra. Modern samples were roasted 
I ,/ i I //
Growth llnes~-\ from California and Oregon (Table 2) . Bulk sediment samples were scraped directly from fossils. Fossils were rinsed and sonicated in distilled water to remove remaining sediment. Bulk samples of marine growth were collected as for the modern specimens. Enamel was sampled from a large premaxillary tooth from the Turlock Lake locality to compare preservation between tooth enamel and bone. This tooth is diagnostic of Oncorhynchus rastrosus, and due to its great size, must have formed in a large ocean-resident individual. Because enamel has larger crystals and is less porous than bone, enamel apatite should be less susceptible to diagenetic alteration [1, 6, 14] .
The utility of our analysis depends on the assessment of Oncorhynchus rastrosus as a migratory species. Although most modern salmon spend much of their lifetime in the ocean, migration patterns do vary between and within species [25] . Some species of salmon live only in freshwater. Others have both individuals that migrate early in life from freshwater to marine water and individuals that do not migrate. O. rastrosus has been recovered from both continental and marine deposits, verifying that at least some individuals migrated. Furthermore, recent systematic investigations demonstrate that O. rastrosus was a Pacific salmon [26, 27] , and a member of a sublineage that includes almost exclusively migratory species. Finally, in modern Oncorhynchus species with both migratory and non-migratory individuals, there are conspicuous differences in size and morphology between freshwater and ocean-going individuals. Freshwater individuals are smaller than migratory conspecifics (e.g., rainbow trout vs. steelhead). O. rastrosus is by far the largest salmon known, reaching lengths in excess of 2 m; some of the largest specimens have been recovered from continental deposits. It is unlikely that permanent residents in small rivers and freshwater lakes would reach such large sizes. For example, a large Miocene lake in southwest Idaho contains a sister species to O. rastrosus with individuals less than 0.7 m long [28] . Thus all available evidence supports the conclusion that Oncorhynchus rastrosus was an exclusively migratory species. Adult specimens found in freshwater deposits were not lifelong residents, but instead were immigrants that entered the habitat immediately prior to death.
Analytical techniques
Procedures for stepwise selective leaching were modified from Sillen [23] . Samples (20-50 mg) were sonicated for 1 rain in 0.1N acetic acid buffered to pH 4.5 with lithium acetate, using 0.04 ml solution/mg sample powder. The mixture was centrifuged at 13,000 rpm for 30 s, then the solution was decanted to form a single rinse. This procedure was repeated 24 times, and each rinse was saved for analysis ( Fig. 2) . Following rinse 24, samples were rinsed twice with distilled water, which was discarded. Samples were then treated once with each of the following solutions: 1.0N acetic acid (12 h), 1.5N HNO 3 (15 min), 4.5N HNO 3 (1-3 h) and 15N HNO 3 (1-3 h) (using 0.04 ml of solution/mg of starting sample powder). Samples were completely digested in the final solution. To ensure sufficient volumes for chemical and isotopic analyses, consecutive sample rinses with 0.1N acetic acid were combined after rinse 2 (e.g., 3 + 4, 5 + 6, through to 23 + 24). For all fossils, 0.1N acetic rinses 1 and 23 + 24 were dedicated to Sr isotopic analysis, as were rinses 9 + 10 and 17 + 18 for the Turlock Lake specimens. Concentrated acid rinses were split, permitting both elemental and isotopic analysis. A bulk sample representing marine growth from the recent S. salar vertebra was treated with stepwise selective leaching as a control for elemental analysis.
Concentrations of Sr, Ca, and P were measured by atomic emission using a Leeman Labs Plasma-Spec III® inductively coupled plasma emission spectrometer. Solution matrix effects were minimal, and the precision was better than 2% for all elements, based on replicate analyses of gravimetric standards. The Sr blank in 1.0 ml of the buffered 0.1N acetic acid solution was 12 rig, whereas blanks for Ca and P were below detection limits. Phosphorus concentration, and St/Ca and Ca/P values are presented in the Appendix.
Modern bone and bulk sediment samples were acid-digested for Sr isotopic analysis using standard techniques, then dried to a residue [29] . Hatchery water was acidified (using 1.0 ml 15N HNO3/liter), and evaporated to a residue in a teflon beaker. Modern bone, sediment, water residues, and dried residues from rinses of fossil bones and teeth were dissolved in 2.5N HCI, then Sr was isolated using standard ion exchange techniques [29] . Strontium was loaded onto single Re filaments with TazO 5. Isotopic compositions were determined on a V.G. Sector mass spectrometer with seven Faraday detectors employing multidynamic peak switching. Total process blanks averaged 0.1 ng. All blanks were negligible relative to the Sr contributed by the samples. The standard NBS 987 averaged 0.710255 _+ 15 (2~r) during these analyses.
Sr isotopic composition of modern salmon and hatchery waters
Changes in 87Sr/S6Sr value across the vertebral centra of modern salmon were consistent with freshwater to marine migration. In the Salmo salar from Maine, the first two samples, moving out from the center of the vertebra, had 878r/86Sr values (0.7114 and 0.7099) that were significantly greater than modern seawater (0.70918) (Fig. 3, (Table 1 ). In the O. nerka from the Quinault River (UMMZ 94902), the first sample was hardly distinguishable from modern seawater, and was shifted toward a higher value, not a lower value, like the other salmon from the Pacific Northwest (Table 1) . However, the Quinault River drains a restricted region of the Coast Range that may have a unique Sr isotopic composition. All specimens had Sr isotopic compositions that progressed from freshwater-influenced to fully marine across a single vertebra. Yet the freshwater growth portions of hatchery-reared specimens had different S7Sr/S6Sr value than hatchery water. Perhaps Sr was remobilized by small-scale bone remodeling after initial bone formation. Remobilization of Sr from freshwater growth layers had no great influence on the composition of bone deposited later, under marine conditions. Samples from the periphery of vertebral centra had ~7Sr/S6Sr values nearly identical to seawater. Consequently, the outer edges of fossil salmon vertebrae should also yield marine Sr isotopic compositions, unless they are diagenetically altered.
Chemical and Sr isotopic compositions of fossil salmon
The presence of minerals other than biogenic hydroxyapatite can be detected through analysis of Ca/P values of sample rinses. Stoichiometric carbonate hydroxyapatite (4 wt.% CO 3, 9:1 OH : F) has a Ca to P mass ratio of 2.4, whereas biogenic hydroxyapatite averages 2.0 [1] . The Ca/P value of rinses from the modern sample ranged from 2.0 to 3.6 (Fig. 4, Appendix) . Most rinses for fossil salmon fell within this range of plausible biogenic values. By 0.1N acetic rinse 17 + 18, the Ca/P value of all the fossils were less than the value of the modern control. Porefilling carbonates generate elevated Ca/P values, thus this crossover indicates complete removal of any calcite initially present in the samples. Most of the hydroxyapatite in each sample dissolved in the 1.5N nitric rinse (see [P] in Appendix). This rinse had the smallest range of Ca/P values, with similar values for fossils (mean = 2.4) and the modern control (2.2). This cluster of data falling near the stoichiometric Ca/P value of 2.4 is evidence that the 1.5N nitric rinse dissolved recrystallized apatite. Uncontaminated biogenic hydroxyapatite, if present at all, must have been leached in rinses collected after the complete removal of calcite (i.e., after 0.1N acetic rinse 17 + 18), but before the dissolution of recrystal- "r" lized apatite (i.e., before 1.5N nitric rinse) (Fig.  4) . If biogenic hydroxyapatite was isolated in the later dilute acetic acid rinses, these rinses should yield biologically plausible Sr/Ca values [23] . Pore-filling carbonate minerals should have higher Sr/Ca values than biogenic hydroxyapatite [23] , whereas recrystallized apatite should have lower values [23] . Values ranging from 0.1 to 6.0 X 10 3 and from 0.7 to 6.0 x 10 -3 have been reported for modern continental and marine animals, respectively [30, 31] . However, analyses of fish bone are rare and frequently yield high Sr/Ca values. Values for our modern marine control ranged from 1.7 to 5.1 x 10 -3 in different rinses (Appendix). With one exception, all fossils had Sr/Ca values that decreased from slightly higher values in early rinses to plausible, marine values (~ 2.4 to 6.4 x 10 -s) in the late dilute acetic rinses (Appendix). The pattern of Sr/Ca values decreasing to plausible plateaus in late acetic acid rinses supports the hypothesis that all diagenetic calcite is removed in early rinses. Although Sr/Ca values also decreased in the Loretta salmon (UCMP 119996), extremely high values that could not be attributed to biogenic hydroxyapatite were recovered from all the rinses (~ 11 to 33 x 10-3). Either the apatite crystals in this specimen were massively contaminated by sedimentary Sr or St-bearing minerals other than apatite and calcite were present.
Most specimens met the criteria set out for recognizing biogenic hydroxyapatite from elemental composition: (1) late dilute acetic acid rinses had apatitic Ca/P values, and (2) Sr/Ca values in these rinses were biologically plausible. If this interpretation was correct, then these rinses should have had 87Sr/86Sr values characteristic of late Miocene seawater (~ 0.7088 to 0.7090, [11, 12] ). If, however, these specimens were contaminated by diagenetic St, then their S7Sr/86Sr values should deviate from late Miocene seawater and trend toward the composition of sedimentary Sr at the burial site.
All fossil salmon buried in continental settings (Turlock Lake, Gateway) had S7Sr/86Sr values in late dilute acetic acid rinses very different from the value for late Miocene seawater ( Table 2 , Fig.  5 ). When values from tooth enamel and bone from the same locality (Turlock Lake) were compared, those for enamel were closer to the marine ratio than values for bone. Isotopic values for specimens buried in nearshore, clasticdominated marine deposits (Loretta, Drakes Bay), although closer to late Miocene marine values, did not overlap the marine range ( Table 2 , Fig.  5 ). All specimens except the Loretta salmon had late dilute acetic acid rinses closer to the marine ~7Sr/86Sr value than either the early rinses or the late concentrated acid rinses. This isotopic pattern indicates that late dilute rinses did indeed contain more original Sr than either early rinses, which were contaminated by Sr-bearing carbonates, or concentrated acid rinses, which dissolved recrystallized apatite that had incorporated sedimentary Sr. However, even these late dilute acetic acid rinses were massively contaminated with diagenetic Sr.
Discussion
Despite the fact that element ratios suggest that primary marine Sr might have been isolated by stepwise selective leaching of fossil salmon, the isotopic evidence clearly demonstrates that the specimens were massively contaminated by diagenetic Sr of continental origin. Tooth enamel, though slightly more retentive of original Sr than bone, was also heavily contaminated. As expected, late dilute acetic acid rinses contained the greatest amount of primary Sr, yet even these rinses did not yield marine S7Sr/S6Sr values. For the Gateway salmon, assuming a diagenetic endmember value of 0.70372 (derived from bulk sediment), and a biogenic endmember of 0.70885, only 29% of the Sr in late dilute acetic acid rinses was marine. For the Turlock Lake tooth and vertebra, the values were 25% and 7%, respectively. However, diagenetic fluids need not have had exactly the same isotopic composition as bulk sediment. Here, a two-component approach might be oversimplified. If diagenetic fluids had ~TSr/ S6Sr values higher than bulk sediment, the actual amount of original Sr in the fossils could be even lower than our estimates.
Our results have substantial ramifications for studies of Sr concentration and 87Sr/86Sr values in fossils. Differences in Sr concentration have been used to monitor meat consumption in archaeological and paleontological studies [2] [3] [4] . Because much of the Sr in bones and teeth may be introduced after death, there is no reason to believe that original Sr concentrations are retained in the sample rinses. Without a reliable method for isolating biogenic hydroxyapatite, studies employing Sr concentration are problematic, particularly for more ancient specimens.
Strontium isotopes have been used to explore the diet, habitats and, potentially, the migration patterns of ancient organisms [5] [6] [7] [8] . For example, the ~7Sr/86Sr values of fossil fishes may indicate if they were freshwater or marine residents. It may sometimes be possible to distinguish between such profoundly different habitats, even in diagenetically altered material. However, more subtle habitat determinations (e.g., between marine and brackish water [8] ) are precluded. Similarly, studies of migration are highly problematic, because they require the presence of a clearly biogenic, not a diagenetic, signal. The observed variations in Sr isotopic composition between different rinses from the same individual suggested that a small fraction of original Sr can be retained. If applied in a comparative study of a fossil fauna, Sr isotopic analysis might indicate which fossils were native and which were immigrants. However, to use migratory animals for marine-continental correlation, the original marine ~VSr/86Sr value must be preserved with high fidelity in continentally deposited specimens. Our results suggest that this is highly unlikely.
Our marine-deposited specimens did not yield SVSr/S6Sr values appropriate for late Miocene oceans. Previous investigations of Sr concentration and isotopic composition in fish bones and teeth concluded that either fossils preserve lifetime values, or they incorporate Sr during early diagenetic alteration near the sediment/water interface [9] [10] [11] . Either way, fossils would reflect the isotopic and elemental composition of the overlying ocean. Our results from marine-deposited salmon demonstrated that Sr was incorporated after burial from surrounding siliciclastic minerals that were isotopically distinct from the Miocene ocean. Similarly, recent analyses of REEs in fish teeth have demonstrated enrichment following burial by later diagenetic pore fluids [32] . The relative success of previous studies using marine fish bones and teeth [9] [10] [11] indicates that early diagenetic fluids probably had S7Sr/86Sr values similar to lifetime values. However, even in these earlier studies of marine fish, diagenetic effects were detected.
Whereas Sr isotopic analysis of geologically ancient bones and teeth is problematic, the technique may hold promise for more recent materials [6] . Selective leaching did isolate a fraction with proportionally more original Sr. In specimens that are not so thoroughly altered, the technique may isolate purely biogenic hydroxyapatite. The differences in SVSr/S6Sr value between the Turlock Lake tooth and vertebra indicated that enamel did retain a greater proportion of original Sr than bone. Although Oncorhynchus enamel did not yield completely original Sr, its enamel coating was very thin (< 1 mm) and thus was more susceptible to diagenetic alteration. Better results may be obtained through analysis of vertebrate teeth with thicker enamel. Finally, it may be possible to screen samples for signs of massive recrystallization before isotopic analysis using infrared spectroscopy [22] .
Strontium isotopes and chemical composition may offer monitors of migration in modern vertebrates. By examining the Sr isotopic composition of material accreted during different times of life, shifts corresponding to freshwater to marine migration were apparent. Our inability to precisely reconstruct freshwater STSr/S6Sr values may have resulted from either sampling at too coarse a spatial scale, or from remobilization of Sr during the animal's life. In any case, migrational analysis was still possible because the attenuation of the freshwater Sr isotopic signal was not complete. Migration could also be studied by examining the apatite grown late in life in individuals in a freshwater population to determine the percentage that were marine immigrants.
Conclusions
(1) Strontium isotopic analysis of accreted hardparts in modern salmon can be used to monitor freshwater to marine migrations, although it may not be possible to reconstruct the precise value of natal waters from the earliest accreted bone.
(2) Although most fossil salmon treated with stepwise selective leaching had apatitic Ca/P and plausible Sr/Ca in late dilute acetic acid rinses, isotopic analysis demonstrated that the Sr in these rinses, and in all rinses, was mostly diagenetic/ sedimentary in origin. Alteration was so pervasive that we could not retrieve late Miocene marine isotopic values from salmon buried in marine sites with clastic sediments. Therefore, these specimens cannot be used to correlate marine and continental strata.
(3) Despite alteration, we were able to confirm that salmon buried in freshwater continental deposits, were marine immigrants.
(4) Until reliable techniques for separating primary and diagenetic Sr are developed, analyses of the Sr isotopic and elemental composition of bone and teeth must be approached and interpreted with caution. 
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